Introduction
Hypertension is an important risk factor for atherosclerosis and stroke, still insufficiently treated, however [1] . While hypertension with high transmural pressure may increase low-density lipoprotein concentration in the arterial wall on a global level, low shear stress leads to a focal accumulation [2] . Low shear stress is thought to play a key role when considering hemodynamic properties for atheroma development [3] . Changes in wall shear stress due to increased vorticity and unstable blood flow may also be a reason for progression of atherogenesis [3, 4] . Using transesophageal echocardiography (TEE), aortic atherosclerotic plaques can be identified with high reliability. Findings of plaque formations may help to determine the theoretical risk of ischemic stroke, which seems to be particularly high in patients with complex plaques ( 6 3.5 or 4 mm) in the aortic arch [5, 6] . Atherosclerosis
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The blood flow pattern in the aortic arch is complex due to the location of its branching points to the brain, heart and other systemic vasculature as direct recipient organs, each with unique hemodynamic characteristics. Retrograde aortic blood flow during diastole contributes to the coronary and cerebral circulations, which themselves display antegrade flow during the whole cardiac cycle [10, 11] . However, retrograde flow in the aortic arch may also lead to retrograde embolization from the distal aortic arch or the upper part of the descending aorta, where atherosclerotic plaques are frequently found [12] .
The purpose of this study was to examine whether retrograde aortic flow occurs and what aortic characteristics are associated with it, in a select group of subjects undergoing TEE.
Methods

Study Population
We recruited 56 patients ( table 1 ) on the basis of the following criteria:
(1) The ultrasound examination of the patient had to be performed by one experienced investigator and be complete with respect to the blood flow velocity profiles of interest.
(2) The angle between the Doppler transecting line and the assumed flow direction had to be small enough to enable highquality antegrade and retrograde flow signals. ( 3) The quality of the image and Doppler signal had to be acceptable and the patient should have no significant aortic regurgitation.
Of the 56 patients, complex aortic plaques ( 6 4 mm with or without mobile component) were diagnosed in 17 ( table 1 ). We found no plaque ! 4 mm with a mobile component. The blood pressure was measured in all patients (considered high if the systolic blood pressure was 1 140 mm Hg or the diastolic blood pressure 1 90 mm Hg). The study was approved by the Ethics Committee at Göteborg University and all subjects gave their informed consent.
Transesophageal Echocardiography
The examinations were performed using multiplane TEE (Sequoia, Siemens Medical Solutions, Ultrasound Division, Mountain View, Calif., USA, and Vivid 7, General Electrics, Milwaukee, Wisc., USA). All examinations were performed by one and the same experienced physician and digitally stored on MO disks (primarily or from S-VHS-tape).
From a 4-chamber position, the aortic valve and ascending aorta were studied in 135-degree views for the presence and location of plaques. The transducer was then rotated to visualize the descending aorta in the longitudinal view (90°) and transverse (0°) sections ( fig. 1 , position 2) until the appearance of the left subclavian artery, which was studied at around 45°. The aortic arch was carefully scrutinized for plaques in the transverse and longitudinal views, and in the latter the flow profile was studied by color Doppler ( fig. 1 , position 1 ). Color-guided pulse wave spectral Doppler velocities were obtained as parallel to the flow as possible.
Measurements were made off line using an Echopac workstation or on the ultrasound platform. The flow profiles in both systole and diastole ( fig. 2 a) were outlined manually to measure the maximum flow velocity and the velocity-time integrals (VTI). Three consecutive heart beats were measured and the mean diastolic/systolic ratio was calculated. The prevalence and distribution of aortic plaques were noted. Further, aortic distensibility [13] was evaluated from systolic and diastolic short-axis images of the descending thoracic aorta ( fig. 1 , position 2) . The trailing-edge to leading-edge technique was used to measure the aortic luminal area by circular regions of interest placed between the calipers to outline the aortic lumen ( fig. 2 b) . Aortic strain was assessed as ( SA -DA)/ DA, where SA is the 3-heart-beat average of the aortic luminal area in systole and DA the corresponding average area in diastole.
Statistics
Values are presented as mean values 8 SD. The significance of differences between groups was tested using Student's t test. Pearson's linear correlation coefficients and Fisher's test were computed to illustrate relationships. p ! 0.05 was regarded as significant.
Results
Prevalence and Distribution of Aortic Plaques
The 25 patients with aortic plaque were 69 years 8 8 years of age on average (age range 46-82 years). Among these 25 patients (10 women), 39 of 75 (i.e. 25 ! 3 regions) possible regions contained detectable plaques. Plaques were most commonly detected in the patients with a suspected ischemic stroke, 43% (13/30) of whom had aortic plaques of 6 4 mm, mainly in the aortic arch ( table 1 ) . The presence of plaques increased significantly with age (p ! 0.0001).
The locations of the 39 plaques among the 25 patients with aortic plaques were as follows: 4 in the ascending aorta, 20 in the arch and 15 in the descending aorta. Eight patients had plaques in more than 1 region (6 in 2 regions, and 2 in 3 regions). There was no significant difference between the arch and the descending aorta in terms of plaque prevalence. A total of 21 regions in 17 patients contained plaques of 6 4 mm.
Blood Flow Velocity Measurements
Some degree of diastolic retrograde flow within the aortic arch was observed in all 56 patients, and the corresponding VTI ratios, which did not change significantly with age or blood pressure, are shown in table 2 . Patients with plaques at any location 6 4 mm had a higher VTI ratio compared to those without such plaques (0.60 8 0.23 vs. 0.45 8 0.21, p ! 0.05). However, there was a difference depending on plaque location. In patients with plaques within the aortic arch, the VTI ratios were significantly higher than among those with no plaque or plaques only in the descending aorta ( fig. 3 a) .
Measurements of Aortic Stiffness
Aortic strain was significantly lower 1 50 years of age than below (p ! 0.01) ( table 2 ), which indicates a stiffer aorta. Pulse pressure also increased significantly with age (p = 0.002). Independently of age, patients with plaques in the aortic arch tended to have lower strain values in the descending aorta (p = 0.06), in the direction of a stiffer aorta ( fig. 3 b) . Increasing systolic and diastolic aortic dimensions were significantly related to increasing blood pressure (p ! 0.005). 
Discussion
To our knowledge, the present study represents the first attempt at TEE-based Doppler quantification of the diastolic retrograde blood flow components within the aortic arch with various degrees of atherosclerotic vessel wall abnormalities. In all study subjects, we found a retrograde aortic arch blood flow, which varied with the presence and distribution of atherosclerotic lesions. Patients with plaques in the aortic arch not only had the closeness of plaque to the cerebral artery orifices, but also had a significantly increased diastolic flow reversal, and consequently a higher risk of retrograde cerebral embolization.
TEE has been suggested as the standard method to visualize the aortic arch [14] [15] [16] [17] . TEE is a moderately invasive technique, and a transcutaneous approach has been applied for evaluation of plaque in the aortic arch [18] . Despite improvement in transthoracic ultrasound techniques [19] , TEE still gives a more secure visualization of the aortic arch in our hands in most cases. It has a high spatial and temporal resolution, compares favorably with magnetic resonance evaluations [20] , and is often more readily available. However, it should be emphasized that TEE does not allow full visualization of the upper part of the ascending aorta due to the interposition of the trachea.
Under normal conditions, retrograde aortic flow occurs in the ascending aorta in diastole as a support for the coronary artery blood flow. Increased blood flow reversal is seen in cases of aortic regurgitation [21] , which, in severe regurgitation, may involve the descending aorta [22] . In elderly patients without aortic valve regurgitation, but with stroke and systemic embolism, retrograde diastolic blood flow components have also been observed by means of the motion pattern of mobile aortic plaque formations [23] . Even normal children often have a short period of diastolic aortic flow reversal, although it is not evenly distributed along the aorta or within a transverse section [24] . We were able to demonstrate the existence and relative magnitude of retrograde diastolic blood flow at a critical location. In our patients, the antegrade and retrograde blood flow velocities, as well as the VTI, were calculated from the spectral Doppler signal.
Retrograde blood flow components were shown in all patients, i.e. not only in stroke patients, but also in those with other diagnoses. This implies that cerebral embolism from plaques located distally to the origin of the cerebral arteries is theoretically possible in most subjects.
In this study, we used Doppler signals to calculate blood flow velocities in the retrograde and antegrade directions. When choosing this method, we were aware of the fact that no evaluation of complex flow patterns such as rotational flow or vorticity could be made. However, our aim was to evaluate the prevalence and proportion of retrograde flow and not the precise spatial flow pattern. Absolute flow is underestimated by Doppler ultrasonography when not parallel to the ultrasound beam. We calculated the retrograde/antegrade flow ratio to minimize this problem.
We found an increased proportion of flow reversal in patients with plaque formations in the aortic arch compared to those with plaque in the descending aorta, whose flow reversal did not deviate significantly from those with no plaques.
By 4-dimensional magnetic resonance mapping, increased retrograde velocities have been demonstrated in coronary artery disease patients as well as in the elderly compared to young subjects [4] . As the arterial walls become increasingly stiffer with age, systolic lumen expansion or the possibility to store blood during systole declines [25] . This so-called 'windkessel effect' is dependent on aortic compliance and acts like a systolic blood reservoir, which in diastole propels the stored blood in the direction of lowest resistance. Thus, the capacity to be a reservoir for systolic blood volume, which can be mobilized in diastole, is lost with the development of atherosclerosis. This leads to increased systolic pressure and the augmentation of pulse pressure [26] , higher left-ventricular work load and secondary myocardial hypertrophy, as well as a more pulsatile blood flow pattern. In addition, it has been suggested that the diastolic blood flow and pressure are related not only to the windkessel effect, but also to the returning pressure wave reflected in peripheral arteries and resistance vessels [27] . The sites of atherosclerotic plaque deposition are thought to be influenced by local blood flow patterns [28, 29] . It has also been suggested that vortices near the aortic wall, and helical and reversed flow influence the shear stress and may be important in atherogenesis in both animals and humans [30] . The stability of helical flow in the ascending aorta is thought to spare this region, while the relatively unstable flow pattern in the distal arch and proximal descending aorta seems to predispose to atherogenesis [10, 31] . This predilection site for plaques, in combination with an increased flow reversal among those with arch plaques such as we have shown, might cause a high-risk situation for retrograde embolization. A crude odds ratio of 5.5 for ischemic stroke in case of plaque 6 4 mm situ-ated in the distal arch (distal to the left subclavian artery) supports this assumption [5] .
In conclusion, a diastolic retrograde flow component was present in the aortic arch of all the examined subjects. This phenomenon could facilitate retrograde embolization to the brain from vulnerable plaques located in the aorta distally to the precerebral arteries. We therefore suggest that complex plaques situated in the distal aortic arch are considered a potential source of cerebral emboli.
